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We propose to study the mass spectrum of the heavy-light mesons to probe the structure of the
spin-isospin correlation in the nuclear medium. We point out that the spin-isospin correlation in
the nuclear medium generates a mixing among the heavy-light mesons carrying different spins and
isospins such as D+, D0, D∗+, and D∗0 mesons. We use two types of correlations motivated by
the skyrmion crystal and the chiral density wave as typical examples to obtain the mass splitting
caused by the mixing. Our result shows that the structure of the mixing reflects the pattern of the
correlation, i.e., the remaining symmetry. Furthermore, the magnitude of the mass modification
provides information of the strength of the correlation.
PACS numbers: 21.65.Jk, 14.40.Lb, 12.39.Fe, 21.10.Hw.
Studying the dense hadronic medium is one of the in-
teresting subjects for understanding the quantum chro-
modynamics (QCD) in the low-energy region. It will pro-
vide an important clue to describe the equation of state
inside neutron stars [1], and also it may give some infor-
mation on the structure of the chiral symmetry break-
ing [2].
Heavy-light mesons made of a heavy quark and a light
quark are expected to be good probes of the properties
of nuclear medium. Although the medium modifications
of the properties of heavy-light mesons have been widely
studied [3], to the best of our knowledge, there is no
explicit statement on the mixing as a single state among
heavy-light mesons carrying different spins, such as the
pseudoscalar D and the vector D∗ mesons, in medium in
the literature.
In this Brief Report, we shall discuss the mixing be-
tween the heavy-light mesons carrying different spins
such as D and D∗ mesons in the nuclear medium caused
by the existence of the spin-isospin correlation which is
expected in, e.g., the skyrmion crystal [4], the chiral den-
sity wave phase [5], and so on. In the literature, the den-
sity at which the spin-isospin correlation becomes signif-
icant depends on the model. In the recent Skyrme model
calculation including the vector meson effect [6], the pion
has a p-wave condensation whose size becomes on the or-
der of a few 100 MeV at about the normal nuclear den-
sity ρ0. In the chiral density wave phase, on the other
hand, the pion develops the position-dependent vacuum
expectation value (VEV) in the high density region above
2.4ρ0 [5]. This VEV implies the existence of the strong
spin-isospin correlation.
We start with a set of heavy-light mesons which makes
two doublets of isospin as well as two doublets of heavy-
quark spin symmetry such as D+, D0, D∗+, and D∗0. In
the heavy quark limit, the set is characterized by the spin
of the light cloud surrounding the heavy quark [7]: When
the spin of the light cloud is Jl, the set of heavy-light
mesons are made of mesons of spin Jl+1/2 and Jl−1/2.
Since the set carries isospin 1/2, it includes 2(4Jl + 2)
states, which are all degenerated in mass at the heavy
quark limit and the isospin limit. For example, D and
D∗ mesons are specified by Jl = 1/2, and then the D
meson carries spin 0 and D∗ carries spin 1, so that there
are eight states.
Let us consider the mass splitting of the above 2(4Jl+
2) states in the nuclear medium when there exists a corre-
lation between the isospin and the spin which causes the
position-dependent pion condensation [8]. The heavy-
light mesons interacting with the pion pick up the effects
of the condensation which generates a mixing to modify
the mass spectrum. In the heavy quark limit, two states
are related to each other by the heavy quark symmetry
to form a “heavy-quark pair”. (4Jl + 2) pairs, which
are degenerated in the vacuum, are all separated in the
most general pattern of the spin-isospin correlation. We
would like to stress that the pattern of the mass split-
ting reflects the remaining symmetry (or the type of the
correlation) in the medium: When the medium has the
diagonal SU(2) subgroup of the light-spin SU(2)l and the
isospin SU(2)I , (4Jl+2) heavy-quark pairs are split into
2Jl degenerate pairs and (2Jl + 2) pairs.
In the following we explicitly show some examples
of the pattern of the mass splitting among D and D∗
mesons. For this purpose, we take the following simple
model describing the pion and heavy-light meson inter-
action [7]:
Lheavy = − Tr
[
H¯a(iv ·D)baHb
]
+ gpiTr
[
H¯aHbγµγ5α
µ
⊥ba
]
, (1)
where vµ denotes the velocity of the heavy-light me-
son. The indices a and b stand for the isospin in-
dices. The covariant derivative Dµ is defined as Dµ =
∂µ − iα‖µ, where α‖,⊥µ = (∂µξ · ξ† ± ∂µξ† · ξ)/2i and
ξ =
√
U = exp(iτA πA/2fpi) with the Pauli matrices τ
A
(A = 1, 2, 3). The field H is the doublet of heavy-light
2mesons with the expression
H =
(1 + v/)
2
[D∗ ;µγµ + iDγ5]. (2)
In the Lagrangian (1) the coupling constant gpi is deter-
mined from the decay D∗ → Dπ as |gpi| = 0.56 [9].
When the nuclear medium has a correlation between
the spin and the isospin, the position dependent pion
condensation will occur to generate non-zero condensates
corresponding to αA⊥µ and/or α
A
‖µ [denoted as 〈α⊥µ(t, ~x)〉
and 〈α‖µ(t, ~x)〉, respectively]. In the equilibrium case,
the pion condensation does not depend on the time so
that 〈αA⊥0(~x)〉 = 〈αA‖0(~x)〉 = 0. Since the velocity of
heavy-light mesons only has a zero component, 〈αA‖i(~x)〉
does not contribute to the present calculation. We are
interested in the heavy-light meson mass spectrum, so we
take the spatial components of the residual momentum
of the heavy-light meson to be zero. Then the inverse
propagator matrix is written as
∆
[i,j]
ab =
(
∆ab −∆jab
∆iab ∆
ij
ab
)
, (3)
where i, j = 1, 2, 3 are spatial indices for the D∗ meson
and
∆ab = 2k0δab,
∆iab = − igpi
〈
αiA⊥
〉 (
τA
)
ba
,
∆ijab = 2k0δabδ
ij − igpiǫijk
〈
αkA⊥
〉 (
τA
)
ba
, (4)
with k0 being the time component of the residual mo-
mentum carried by the heavy-light meson. 〈αiA⊥ 〉 is un-
derstood as 1
V
∫
V
d3x〈αiA⊥ (~x)〉 with V being the matter
volume. From this inverse propagator matrix one sees
that the ∆iab mixes the D and D
∗ meson fields when
〈αiA⊥ 〉 6= 0.
Using the spatial rotation and the isospin rotation, we
can always diagonalize 〈αiA⊥ 〉 such that it takes nonzero
values only for i = A. There are several choices for the
pattern of the condensation. Here we pick up the follow-
ing two patterns to show how the mass spectrum of the
heavy-light mesons is modified:
(Pattern I) : 〈αiA⊥ 〉 = αδiA ,
(Pattern II) : 〈αiA⊥ 〉 = αδi3δA3 , (5)
where α is a parameter expressing the strength of the
spin-isospin correlation with dimension one. Typical ex-
amples to induce (Pattern I) and (Pattern II) are the
hedgehog ansatz of the skyrmion and the chiral density
wave, respectively. It should be noticed that, for (Pat-
tern I), the light-spin SU(2)l and the isospin SU(2)I are
broken down to the diagonal SU(2) subgroup denoted as
SU(2)diag by the existence of the above condensate. In
case of (Pattern II), the condensate is invariant under the
U(1)l×U(1)I×Z2 symmetry transformation, where U(1)l
is a subgroup of the SU(2)l and U(1)I is of the SU(2)I .
Z2 is a group associated with the “charge conjugation”
under which both U(1)l and U(1)I charges are inverted
simultaneously.
One can easily obtain the change of the mass spectrum
by calculating the eigenvalue equation det∆ = 0 which,
for the above two patterns, is expressed as
(Pattern I) : det∆ = (2k0 − gpiα)6 (2k0 + 3gpiα)2 ,
(Pattern II) : det∆ = (2k0 − gpiα)4 (2k0 + gpiα)4 .(6)
These results imply that the eight states, which are de-
generated in the vacuum, are split into six states and two
states for (Pattern I), two types of four states for (Pattern
II). These patterns reflect the remaining symmetry in the
following way: Since we are working in the heavy quark
limit, eight states are classified as four heavy-quark pairs.
For (Pattern I), these four pairs are split into three pairs
making a triplet of SU(2)diag and one pair making a sin-
glet. In the case of (Pattern II), on the other hand, four
heavy-quark pairs are split into the following two types:
Two heavy-quark pairs carry the same charges under the
U(1)l×U(1)I subgroup: Two heavy-quark pairs with the
charges (+,+) and (−,−) are related to each other by Z2
symmetry. While the other two heavy-quark pairs with
the charges (+,−) and (−,+) are related by the Z2. We
would like to stress that the mass splitting is of the same
order as the strength of the correlation parametrized by
α.
For expressing the mass spectrum pictorially, we show
how it depends on the strength of the correlation α for
gpiα > 0 in Figs. 1 and 2. From these figures, in addi-
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FIG. 1. (Color online) Dependence of the mass spectrum of
D and D∗ mesons on the strength of the correlation α for
(Pattern I). The solid line is the mass of the three heavy-
quark pairs making a triplet of SU(2)diag, and the dashed line
is the one of the one heavy-quark pair making a singlet of
SU(2)diag. The vertical axis shows the masses in the medium
with the vacuum mass in the heavy quark limit subtracted.
tion to the patterns of the mass splitting caused by the
spin-isospin correlation, one can easily confirm that the
magnitude of the mass modification is of the order of the
strength of the correlation parametrized by α.
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FIG. 2. (Color online) Dependence of the mass spectrum of
D and D∗ mesons on the strength of the correlation α for
(Pattern II). Each of the lines represents the mass of the two
heavy-quark pairs. The caption for the vertical axis is the
same as that in Fig. 1.
We next consider the effects of the violation of the
heavy quark symmetry by including the mass difference
between D and D∗ mesons at vacuum. In this case, the
light-spin and the heavy quark spin are not separately
conserved but the meson spin, denoted by SU(2)J , is con-
served in vacuum. When the spin-isospin correlation is
(Pattern I), this SU(2)J together with the isospin SU(2)I
is broken down to the diagonal SU(2)diag. For (Pat-
tern II), on the other hand, the remaining symmetry is
U(1)J×U(1)I ×Z2, where U(1)J is a subgroup of SU(2)J
and U(1)I is a subgroup of SU(2)I . These symmetry
structures lead to the following patterns of the mass split-
ting: For (Pattern I), six D∗ mesons are split into 2
and 4 representations of SU(2)diag, i.e., 3 ⊗ 2 = 2 ⊕ 4,
and two D mesons make 2 which mixes with another 2
from D∗. For (Pattern II), eight states are split into
four pairs of Z2 symmetry. They have the following
charges of U(1)J×U(1)I : {(0,+), (0,−)} from D meson,
{(0,+), (0,−)}, {(+,+), (−,−)}, and {(+,−), (−,+)}
from the D∗ meson with two {(0,+), (0,−)} states mix-
ing with each other.
We next compute the modification of the mass spec-
trum by changing ∆ab and ∆
ij
ab in Eq. (4) as
∆ab = 2 (k0 −mD) δab,
∆ijab = 2 (k0 −mD∗) δabδij − igpiǫijk
〈
αkA⊥
〉 (
τA
)
ba
,(7)
while ∆iab is the same as that given in Eq. (4). Using the
two patterns shown in Eq, (5), we obtain the determinant
of the inverse propagator as
(Pattern I) : det∆ = [2(k0 −mD∗)− gpiα]4
× [4(k0 −mD)(k0 −mD∗)
+ 4gpiα(k0 −mD)− 3g2piα2
]2
,
(Pattern II) : det∆ =
[
4(k0 −mD)(k0 −mD∗)− g2piα2
]2
× [4(k0 −mD∗)2 − g2piα2]2 . (8)
We show the dependence of the mass spectrum on the
strength α in Figs. 3 and 4. D and D∗ masses are taken
as their empirical values mD ≃ 1870 MeV and mD∗ ≃
2010 MeV. In Fig. 3, for (Pattern I), the solid curve
0 100 200 300 400
1200
1400
1600
1800
2000
2200
ÈΑÈ HMeVL
M
as
sH
M
eV
L
FIG. 3. (Color online) Dependence of the mass spectrum of
D and D∗ mesons on the strength of the correlation α for
(Pattern I). The mass difference of D and D∗ in the vac-
uum is included. The solid curve represents four degenerate
states, and each of the dashed and dotted curves represents
two states.
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FIG. 4. (Color online) Dependence of the mass spectrum of
D and D∗ mesons on the strength of the correlation α for
(Pattern II). The mass difference of D and D∗ in the vacuum
is included. Each of the four curves represents two degenerate
states.
shows the mass of four degenerated states which belong
to the representation 4 of the remaining SU(2)diag. Each
of the dashed and dotted curves shows the mass for the
doublet of the SU(2)diag. In the case of (Pattern II),
Fig. 4 shows the existence of four pairs of Z2 symmetry
as explained above.
We finally consider the most general case in which the
condensate takes the following form:
(Pattern III) : 〈αiA⊥ 〉 =
3∑
j=1
αjδ
ijδAj , (9)
with α1, α2, and α3 taking arbitrary values. In this case,
the spin and the isospin are completely broken, then, all
4eight states have different masses. In the heavy quark
limit, they are split into four heavy-quark pairs, with the
mass eigenvalue equation given as
det∆ = [2k0 − gpi (α1 − α2 + α3)]2
×[2k0 − gpi (α1 + α2 − α3)]2
×[2k0 + gpi (α1 − α2 − α3)]2
×[2k0 + gpi (α1 + α2 + α3)]2 . (10)
This shows that four heavy-quark pairs have different
masses as we explained before.
In this Brief Report, we proposed to study the mass
spectrum of heavy-light mesons to probe the structure
of the spin-isospin correlation in the nuclear medium,
which is expected to occur in the skyrmion crystal or
the chiral density wave phase. Our result shows that
the structure of the mixing among D and D∗ mesons
reflects the pattern of the correlation, i.e., the remain-
ing symmetry. Furthermore, the magnitude of the mass
modification provides information of the strength of the
correlation.
Several comments are in order:
(i) In the general case of the heavy-light mesons of spin
Jl + 1/2 and Jl − 1/2 for (Pattern II), 2(4Jl + 2)
states are split into 2Jl+1 types, each of which con-
sists of four states reflecting the Z2×SU(2)h sym-
metry in the heavy quark limit. When the heavy
quark symmetry is violated, the quartet are further
split into two doublet of Z2 symmetry.
(ii) To confront our proposal here with the dense mat-
ter properties, a concrete model calculation which
explicitly yields the density dependence of α should
be performed. This exploration will be done in fu-
ture publications.
(iii) The D-D∗ mixing discussed in this Brief Report is
caused by the p-wave pion condensation. A pos-
sible environment to realize an enhanced p-wave
pion condensation is the half-skyrmion phase in the
skyrmion matter in which the nuclear tensor force
is increasing with density [10].
(iv) The exploration performed so far is focused on the
charmed mesons. Because of the light antiquark
in the charmed meson, there might be absorption
processes like the antikaon in nuclear matter [11].
However, the present exploration can be extended
to anticharmed meson in which the patterns of the
mass splitting is the same as that of the charmed
meson but the α dependence is flipped. Some ex-
plicit calculations will be reported elsewhere.
(v) The structures of the mass splitting caused by the
spin-isospin correlation in the nuclear matter dis-
cussed above for the charmed mesons are the same
as that for the bottomed mesons.
(vi) In this Brief Report, we consider the mixing of
the mesons in a heavy-quark doublet. More gener-
ally, we expect mixings among mesons in different
heavy-quark multiplets such as a mixing between
D1 (J
P = 1+) and D∗. In addition to the spin-
isospin correlation of the nuclear matter, the ex-
ploration of the D∗-D1 mixing can also help us to
probe the chiral symmetry restoration in the nu-
clear medium when these two mesons are chiral
partners to each other [12]. This mixing will be
studied by extending the present analysis.
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